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ABSTRACT
e e b =
Materials processing plays a central role in the general field of materials
science and engineering; indeed, the recent surge of R&D activity in rapid soli-
dification processing (RSP) provides a further example of hew the advent of a !

processing method can catalyze new ideas across the wide spectrum of materials
structure, properties, and performance. The major attention in RSP thusfar has
been directed toward achieving fast cooling rates from the pre-alloyed liquid
state, in the expectation that cost-beneficial properties in final shapes of tech-
nological importance can be obtained. Such processes typically involve (a) the
solidification of small droplets, followed by their subsequent consolidation via
powder-metallurgy techniques into bulk pieces, o6r (b) the melt spinning of con-
tinuous or discontinuous lengths of thin ribbons, or (c) the in-situ melting and
solidification of thin surface layers.

|

Lagging behind, however, is a more basic understanding.of the essential phe-
nomena at play in KSP: (a) mechanisms and kinetics of nucleation and growth
during rapid solidification; (b) cennections between rapid solidification modes
and resulting structures; (c) characterization of RSP fine-scale structures;
and (d) definitive structure/property relationships to disclose which elements
of the RSP structure are actually contributing to the novel properties being ob-
§erved. . - i
! If RSP is to fulfill its promise for advanced technological applications, it
{s crucial to estahblish a sound body of knovwledge for connecting the associated
impruvoments in properties and performance back to the underlying microstructures

i
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1. Tatroduction

In this opening paper, we shall be concerned primarily with rapidly solidified
crystalline materials, in contrast to the cxtc?Sivc attention that has been de-
voted to amorphous solids at other conferences Fven in the present context,
however, we are interested in the amorphous state and its controlled decomposi-
tion as a possible route toward attaining unique crystalline structures, §nd

ultimately, new combinations of properties. - o

The term "processing” in the title of the present conference convevs a tech-
nological thrust to the phenomena involved in rapid solidification; implicit in
the phrase "rapid solidification processing", cr RSP as we shall abbreviate it,
is the expectation that RSP will lead to significant advances in engineering
applications and societal -benefits. Nevertheless, even to such practical ends,
a scientific foundation aimed at understanding the basic phenomena at play in
RSP is becoming crucial to realizing the limitations as well as the promise of
{this burgeoning field of technical activity.

!
§ In a general sense, the processing of materials occupies a central place in
materials science and engineering. Indeed, the interplay of internal structure,
‘external properties, and performance in service--all of which are distinctive
features of materials science and engineering--could not be responsive tec the
needs of society without the processing operations that make it feasible to pro-
duce, fabricate, and control materials in cost-effective ways tc serve their re-
spective fgnctions. These interrelationships in materials science and engineer-
ing are portrayed schematically in Fig. 1. Correspondingly, materials process-
ing can be described as those combinations of operations which are intended to
produce and shape materials, as well as to control their properties, so that thev

can perform effectively for societal use.

| Melting-and-casting, often called solidification processing in modern times,
is well-recognized as one of the historic kinds of materials processing, espe-
cially in the field of metallurgy. For present purposes, we shall now regard
rapid solidification as a subset of solidification processing in which the cdol-
ing rate is greater than about 102 K/s.

2.. Advent of Rapid.Solidification Processing

! What has triggered the relatively sudden surge of interest in RSP(z)? Ever
since the pioneering work of Pol Duwez in 1960 on splat quenching from the mol-
ten state'?), new horizons in structure/property relationships became accessible
to the materials community and, as this conference will demonstrate, many ap-
proaches to such frontiers are being actively explored.

!

! But the prospect of novel microstructures and new structure/property relation-
ships does not fully account for the current spotlight on rapid solidification.
The critical ovent in this saga was the emergence of a process, a process that
produces rapidly solidificd materials (superalloys for jet-engine applications,I
in this casce) on a sufficient scale and with suitable quality to excite a quan-
tum jump in technological potential. Of course, we are referring here to the
advent of the Pratt and Whitnev centrifugal acomizing process(h with forced-
convective cool.ng of the molten droplets to obtain cooling rates on the order

of 105 = 106 g/, % Although other atomizing processes had long existed for pro-

" Pratr and Whirney has deslenated this prucéss as RSR, standing for rapid
solidification rate. ' - :

R A O TR D TS

- A $CET s M 4t
= p——

~

-



MATERIALS SCIENCE AND ENGINEERING

BASIC STRUCTURE — PROPERTIES — PERFORMANCE SOCIETAL
SCIENCE AND : \ | / NEED AND
UNDERSTANDING £ XPERIENCE
PROCESSING
SCIENTIFIC ' EMPIRICAL

KNOWLE DGE ’ ¢ KNOWLE DGE

i

Fig. 1. A schematic representation of materials science and
* engineering.
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Fig. 2. Scquence of steps in the fabrication of a wafer blade.

- - - - ——, . ™ e Wt O ———




e RN ws e e

ducine alloy PUWdLr~ (v v.. rlh dtuml/in"), lnd nlthnurh faster cooling rates
had been achieved by other methods (.., splateing), it was the txmclv Pratt
and Whitney innovation that "brought the act together”, even including a realis-
tic method for consolidating the rapidly solidified powders into complex near-

‘final shapes. All this caused the highly coupled materials-information-trans-

fer system in Fig. 1 to “resonate", with empirical knowledge embodying the needs

and experience of sogiety flowing from right to left, while being met coupter-
currently by scientific knowledpe and curiosity flowing from left to right. The
resulting reverberation of ideas and motivations in the domain of RSP has given
us a model example of how materials science and engincering operates in its
interdisciplinary mode. Moreover, like so many other instances of materials
innovation, the impetus of RSP scems to have originated more from societal pull
than from scientific push. Yet we can be sure that, in the long run, the chal-
lenging promise of RSP will not be fully realized without the incisive explana-
tions and refinenents offered by the underlying science.

Already there is a remarkable pay-off in sight for RSP gas-turbine blades.
The wafer-blade design in Fig. 2 combines the use of a new nickel-base alloy
composition (6.8A1-14.5Mo-6.2W-0.06C) together with a complex array of built-in
cooling channels, and thus allows about a 50 percent increase in the thrust-to-
weight ratio over the current nickel-base hollow-cast blades made of PWA1422
(9Cr-10Co-2Ti-5A1-12.5W-0.1C-2Hf-0.015B) . The rapid solidification step makes
it possible to achieve hot-rolling superplasticity for producing strip stock,
from which the wafers can be subsequently slotted and assembled by diffusion-
bonding. With conventional casting instead of rapid solidification, the massive
1ntermetalllc phases in the new high-temperature alloy would render it tco brit-
tle for fabrication and service. It may also be noted that the desired columnar
grains for high-temperature performance are grown in the final wafer blades by
directional recrystallization, in contrast to the present practice of prowing
bolumnar grains in cast blades by directional solidification.

1

i 3. Some Tynical Rapid Solidification and Consolidation Processes

For illustrative purposes only, we shall briefly refer to four rapid solidi-
fication processes, as depicted in Fig. 3. Two of these methods (gas atomiza-
tion and centrifugal atomization) generate powders from small droplets, and so
require later consolidation for producing bulk shapes. The other two (melt
spinning and self-quenching) obtain rapid solidification in thin-layer form
essentially by one-dimensional heat extraction.

Table I compares the maximum cooling rates that can be achieved realistically
in rapid solidification processes for aluminum, iron, and nickel. Such limita-
tions depend on the maximum feasible heat-transfer coefficients (second column) -
and the minimum practicable size dlmenqions (third column). The corresponding :
¢ooling rates in Table I range from 10% X/s for melt spinning to 100 K/s for thin-
laver self-quenching. Clearly, then, these cooling rates are orders of magni-
tude faster than the modest 10% K/s which has been adopted to define the lower

imit of "rapid solidification".
! The most common methods of consolidation of RSP powders are hot isostatic
pressing and hot extrusion (Fip. 4). Superplasticity may be involved in some !
¢ases and, if sc, it permits the isothermal furging of extruded billets into

near-final shapes.  0Of course, the latter feature is also embodied in hot iso-
gtatic pressine.

$
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ATOMIZED

POWDER FINE
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Fig. 3. Four tvpical methods of rapid solidification processing.
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i ‘.lnurcmunﬁul uolidif{vutinu in Fip., 4 (otherwise ealled )nvvrulnziny) provide:s
a way of btilding up a three=dimensional shape by means of rapidly solidified
il;l}'t‘rH: here, the rapid sotidification and consolidation are carried out concur=
wently. This process is in the development stage , as is the indicated method
of dynamic compaction ) The latter offers the interesting possibility of
accomplishing rapid donsification without requiring the high-temoerature expo=
sure associated with hot=forming operations. "Hence, by using dynamic compaction,
one can then study the effects of thermal treatments on bulk specimens of rapid-
ly solidificd materials subsequently to, and separately from, the consolidation
step.

Whatever the method of consolidation, however, this aspect of RSP deserves
greater attention because the structure/property relationships stemming from
rapid solidification will obviously depend on the efficacy of the consolidation
process as well as on the final heat treatment.

4. Microstructural Manifestations of Rapid Solidification

;

, ;
!  The microstructural consequences of rapid cooling from the molten state are
pummarized in Fig. 5. In passing from ordinary casting practice to cooling
rates greater than 102 K/s, the microstructural features (including the scale

bf the micrdsegregation) become refined because the time for coarsening during
golidification is reduced. This is why, for example, the dendritic arm spacings
decrease with increasing cooling rate during solidification 758) | Nevertheless,
for both the conventional and refined microstructures, conditions of local
equilibrium (although not diffusional equilibrium) are considered to prevail

at the solid/liquid interfaces, i.e., the local temperatures and coexisting
compositions are given substantially by the equilibrium phase diagram. This
means that the microstructural refinement in question results from differences
in the érowth process rather than from undercooling at the nucleation stage.

|

‘ With still'higher cooling rates, however, nucleation can be depressed to
temperatures well below the liquidus temperature, and then novel microstructures
come into existence. These are indicated in Fig. 5 as extended solid solutions,
microcrystalline structures, metastable crystalline phases, and amorphous solids.
In this regime, there can be large departures from local equilibrium at the ad-
vancing solid/liquid interfaces, with the solid-phase entrapping supersaturated
concentrations of solute and impurity atoms such that, in the limit, the solid
may have exactly the same (segregationless) composition as the parent liquid.

We shall return to these nonequilibrium types of solidification later, but first
it is desirable to deal in more detail with cases of local equilibrium at moving
solid/1iquid interfaces.

i It should be emphasized that the three categories of microstructures blocked
?ut in Fig. 5 must be regarded as very approximate; as indicated in this dia-

A i
gram, they will depend not only on the cooling rate, but also on compositional |
and process variables. ‘
!
!
|
|

5. TInterplav of Temperature Cradient and Solidification Rate
Under Conditions of Local Interfacial Fquilibrium

Three solidification-front morpholopies arc shown in Fig. 6 as controlle:l

by the temperature gradient (¢) in the liquid phase just ahcad of the advancing
nterface and by (he interface velocity or soiidification rate (R), with local

quilibrium being maintained at the interface. In these solidification prucessces,
“tvopuiﬂ“pcr"t“rv pradient tends to stabilize plane-front growth, whereas a |
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. COARSE DENDRITES,
Mfé%’ffﬁﬁ[}gmggs > EUTECTICS AND OTHER
f MICROCONSTITUENTS
1
#
| o7 COMPOSITION
P
/ HCEINED AND PROCESS FINE DENDRITES,
veer | 104 )OS TRUCTURES : - EUTECTICS AND OTHER
\ HeHOS! DEPENDENT MICROCONSTITUENTS
\ L]
108
-1 EexTENDED SOLID SOLUTIONS
MICROCRYSTALLINE STRUCTURES
: VEL 4
= WCROQ%SCTURES B METASTABLE CRYSTALLINE PHASES
< 7 ‘ AMORPHOUS SOLIDS v
INCREASING INCREASING
COOLING AATE - HOMOGENEITY
(K/S)

Fig. 5. Microstructural consequences of rapid solidification.
Note: these classifications are verv approximate and depend on
compositional and process variables as well as on the cooling rate,
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FIRMLY MOUNT ALL PICTURES iN PROPEF. PLACE

N THEIR RESPECTIVE SPACCES TO ACTCOMPANY DIUSTRATIVE MATERIAL

TYPE FIGURES AND CAPTIONS

S = S —

FteF"iSbhﬂ&f(Hﬂﬂilbt (caused by equilibrium partitioning of the solute and sol

temperature gradiepnt (G), _the :gﬁkijg:;ﬁ, {1 ic-growth morphology is encounteréd.

ont atom:) tends to destabilize a plane front. The boundary between the planat
and cellular regions in Fig. 6 is the locus of G,R combinations that just bal-
ance the aforementioned two tendencies. To the left of (or above) this line,
the temperature-gradient effect dominates, and plane-front growth is morphologi-
cally stable (with compositional homogeneity), whereas to the right of (or be-
low) this line, the solute-gradient effect dominates and chance prctuberances

n Fﬁqsaﬁﬁﬁﬁﬁgﬁ:bm35hx.IxﬂnL.h2nnmﬂ_nnxn.and_mnxn_pzannuncnd.ilcading.&n.micxzu;
scgregations). (E?e latter G.R combination§ iall in the regime of constitution-
al undercooling , and result in cellular growth. With still larger solute

radients, due to faster solidification rates (R) relative to the operative
I}’\Qf‘" RIS RIS

. In the G,R spacg_aﬁuEig..ﬁfigﬂa?gfa‘ngLﬁsﬁsigia_measu:e.nf the cooling rate
(T). Therefore, as indicated by the sloping arrow, moving out to larger G.R

products in Fig. 6 corresponds to the microstructural changes caused by increas
ing cooling rates in Fig. 5.

An example of the microstructural refinement observed in aluminum alloys as
function of increasing cooling rate is given in Fig. 7. Although not shown
xplicitly, the G and R values at play here correspond to the dendritic regime

in Fig. 6, and the segregate spacings plotted in Fig. 7 are determined by the
endritic arm spacings. Typical cooling-rate ranges, characteristic of various
dlidificﬁtibn“Méfﬁddﬁ?“érﬁ“ﬁlgE“rbbfé%éﬁfia’iﬁ“FTET'7T“”Tﬁe’?éaﬁétiﬁﬁ”iﬁ“ﬁig=“
egate spacing by two orders of magiit{dA(Que to very rapid cooling is particu-
Narly significant from the standpoint of reaching compositional uniformity by
lvmogeni zation treatments. Fig. 8 illustrates the remarkable reduction in dif-
fusion time at 1600K required to reach 99 percent homogenization of tungsten

in nickel for two segregate spacings typical of conventional solidification and
for two segregate spacings typical of rapid solidification.

In discussing the regime of plane-front stability in Fig. 6, the additional
stabilizing effect of solid/liquid surface energy was justifiably ignored
because its contr%?uti?g is negligible under the conditions at play. However,
it has been shown™ 7’ that, at high growth rates (R) and with the growth or
decay of a perturbation (according to the laws of heat flow and solute diffusion)
taken into account the surface energy becomes very important compared to the
destabilizing effect of the solute gradient. This result is illustrated in
Fig. 9, wherein it is seen that morphological stability can be attained if the
interface velocity is sufficiently fast. Furthermore, this limiting velocity
becomes insensitive to the temperature gradient. Thus, the G,R combinations of
morphological stability (or homogeneous plane-front growth) are not confined
simply to the avoidance of constitutional undercooling, as introduced schemati-
cally in Fig. 6, but actually extend around a domiiiyaped region in Fig. 9 as
shown by actual calculations for a Al-.1%Cu alloy . The G,R combinations
lying within the dome-shaped region lead to cecllular or dendritic growth along
with the associated compositional partitioning. The designated boundary of
morphological stability falls inside the line of constitutional undercooling on
the left and inside the line of surface-energy control (labeled absolute sta-
bility) on the right. It must not be expected, however, that the calculated
right-hand limit will be valid if the interface velocity is so large that the
boundary-layer thickness (liquid diffusivity divided by the growth rate) is
reduced to only a few atomic jump distances.
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fiheh U.R Line.dw Fig. 9 defines the locus of a given cooling rate, from i
which it is evident that the window on G,R combinations available for avoiding !
microsegregafions becomes larger with incrcasing cooling rate. Conversely,

this window becomes more restricted with increasing solute concentration (Cg).

6. Undercooling and Nonequilibrium Solidification

__.jﬂéﬁﬁ&kﬁfaﬁgiﬂé}iﬁuSQS,QL_Solidification_in.uhich.nucluation-of-the-solid—_n—
phase sets in at temperatures significantly below the liquidus temperature
(Ty) of the alloy at band (see Fig. 10). Such instances may come about be-
cause of very rapid cooling (beyond the rates discussed in Section 5) or be-
cause of some reduﬁrion_in_ihc"ﬁdiﬁpg&lgﬁ'héggiogcneous_nucleation sites. To
avoid unnecessary complication§’f25‘9y§§op§_pgrgqses, we shall assume adiabatic;
conditions, i.e., the latent heat of solidiflcation (AH) ds-absorbed fast
enough within the system so that, effectively, any heat removal from the sys-
tem during solidification is inconsequential.

Critical undercooling is indicated as Case 2 in Fig. 10, wherein nucleation |
occurs at T, and the recalescence temperature (Ty) at the solid/liquid interface
is raised barely to the solidus temperature (Tg). This means that

sﬂ
AH = c?ar,
H J L
2

and so solidification can take p]adé"m§§§iﬁélfiréﬁff?éTy"ETEﬁfﬁ"{ﬁé‘gfﬁﬁl6:*-“°
phase @ field and without compositienallpartitioning or local equilibrium at
the interface. Case 1 exemplifies hypocooling: here, T1> T2 aad T. > T. .

) Thus, although the solidification starts in the massive mode, local equilibrium
and compositional partitioning can ensue when the interfacial temperature rises
into the a + liquid field. This kind of solidification sequence accounts for
the solute-rich cores which have been noted in some dendritic structures

Case 3, with T3<Ty and Tg< Tg, illustrates hypercooling. Cases 2 and 3 both
result in segregationless solidification (namely, complete solute trapping to
produce a uniform composition in the solid equal to C,), but because the nuclea%
tion rate is likely to be faster, and the growth rate slower, at the lower temp-
erature, we can expect a smaller microcrystalline grain size if the solidifica-
tion process can be depressed to the lower temperature. We shall come back to
the subject of microcrystallinity later..

|

Another type of undercooling is represented in Fig. 11. Here, we imagine
that the 8 phase is not able to nucleate. In other words, the extended liquidu
and solidus lines denote the compositions of the liquid and a phases coexisting,
in metastable equilibrium below the eutectic temperature. If, in addition,
the a solidification can be undercooled, then the previously described condi-
tions of hypocooling, critical undercooling, and hypercooling are also possi-
ble in this case, even though the composition C, may now be much more concen-
trated than the maximum a solid solubility limit given in Fig. 10.

|
|

Needless to say, underccoling may also result in the formation of new meta-
stable phases, whether crystalline or amorphous. Such an example is illustrated
in Fig. 12, which merely extends the rationale of Figs. 10 and 11. The condi-
tions in the middle diagram have been chosen to indicate critical undercooling
of the metastable y phase, with suppression of the more stable mixture ofq and
8 phases. In the right-hand diagram, even the y phase i3 suppressed and the
liquid is undercooled to below the glass-transition temperature (Tg) where the

metastable amorphous state is formed; this is a special case of hypercooling
in which 8H = 0, :
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___fﬁiiggit&;&ﬁ.E;bsmphﬂsizing_xhaz,hciczogoncoua_nucluntion-sitcs,play_a_Qital-
role in deterpining whether or not hypercooling or novel microstructures can be
attained fustead of, say, refined dendritic microstructures. A transition range
between these two modes of soliditfication is shown schematically in Fig. 13 14
The cooling rate required to avoid dendritic solidification (hence, to achicve
lmaqqivo solidification) becomes less drastic with decreasing number and potency
of the heterogenecous nucleation sites. Indeed, with small-droplet dlspgrqlonx
or~omﬁlgxons(lsl—whxoh tbereby—:solnte—thc extrancous nuacleant s amony Senie of ” {ﬁe
droplets, the remaining "clean" droplets may be readily hypercooled even on
relatively slow cooling from the liquid state. Clearly, then, such variations
f% melt cleanliness and melt quperho tlno oy, become determining factors in
whether massive sole1f1caL10n~w111~be-reached Or not=

ALITHORS AEFNIIATIONS
7. 'MathVC‘Solidif161t10n and MicrdcrvetdalTinity

The massive solidification that takes place on hyvpercooling not only vields
erains of uniform composition, but is also capable of producing an extremely

small as-solidified grain size--in the range of 1 um or less, hence, the term
microcrystalline. Moreover, unlike cells or dendritic arms, adjacent micro-

crystallites tend to have large-angle boundaries because they originate from

independent nucleation events.

(16)

Calculations have been carried out for the nuclo¢tlon rate_(3) and growth,_
rate “(R) in Al solidification during faet cooling (10’ - 10” K/s), taking the
cvolvod heat of solidification into- account Although fraught with manv uncer-
Lalntles because of the assumptions and estimates introduced, the calculated
Eooling curves in Fig. 14 indicate that the undercooling increases with the
cooling rate and, because of recalescence, the solidification in each instance
completes itself over a relatively narrow temperature range. If, therefore, the
hucleation and growth rates are assumed to be constant during the rospectlvc
solidification runs, the resulting grain size can be expressed as d = (R/I) E
hnd is plotted in Fig. 15 as a function of cooling rate. These calcu‘atlons i
pre in approximate agreement with the observed grain sizes in splatted foils of
nl. However, this may bec fortuitous in view of the way that the critical free
mergy of nucleation (or the solid-liquid interfacial energy) and the tempera-
ture dependence of liquid viscosity (or diffusivity) were estimated for these
-aleulat ions (16) Better approximations of the nucleation parameters should new
e possible considering the larger-than-usual undercoolings found more recentlw

y using the sme Sdroplet technique to diminish the interference of heterogen-
'ous nucleation

Another route foglgb53§ning microcrvstallinity is through crvstallization of
the amorphous state * . For example, on heating an Fe-B glass, the becce
‘e phase (supersaturated with B) which forms has an extremely-small particle

size of about 0.05 um; but the alloy becores quite brittle at this stage.

8. Characterization of Rapidlv Solidificd Microstructures

To delineate and quantify the fine-scale microstructural features of rapidlv
solidified alloys remains a central problem in the field of RSP.  Such characters
zation would include the quantitative electron microscopy and microdiffiraction
¢f cells, dendrites, microcrystallites, and d.spersed phases, together with com-
positional profiles and interfacial misorientations. The importance of this
ferostructural approach is generally two-fold: (a) it sheds light on the mode
f solidification and the operational factors that have generated the structure

cing exanined, and (bh) ir provides a qciont!fic basis for the struct uro[prnpwrtv
A 3 'A. TSRS T S ryerey g — <t ot e foey - —t
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based on cooling curves in Fig. 14 (labeled™™
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observed minimum grain size in splat-quenched
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Microstructural examination of high-phosphorus austenitic steel
RSP powder. Center - STEM bright-field image showing cellular
structure, with second phase at cell boundaries. Lower left end
right - microdiffraction patterns from indicated points; cell-
boundary phase i{s amorplhous. Upper left amd right - electron

encrgy-loss spectra, indicating no carbon build-up at cell
boundary . '
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We shall mention here only two microstrgcsural studies reported in these
Proceedings. The STEM bright-field image in Fig. 16 (center) shows the
cellular structure of a high-phosphorous austenitic steel after rapid solidifi-
cation (centrifugal atomizing and convective cooling). Surprisingly, the phase
algﬁﬁliﬁé;ébliiﬂﬁﬁh&anies_tuzns_out.Lo"hcwamonphousr_in_concrast—to-the_expected
crystalline structurc of the cells themselves (cf. microdiffraction patterns in!
the lower left and right of Fig. 16). The crystalline patterns contain Kikuchi |
lines and these disclose very little mlsorlcntatlon between adjacent cells.
According to the Q.lQ.CIan_CnﬁRSZ/].O.:h spcctm (uppe.L_lefJ’_.an.d. right), there has
been no detectable carbon bu1lu-up at the cell boundaries. On the other hand,
the microchemical pxoflleb,ﬂaa.detcxmxncd fv X rav fluorescence spectra with the
STEM and plotted in Fig. 17, reveal appreciable boundary segregation of P, Cr,
and Ni. Undoubtedly, the phosphorus concentration together with the rapid
cooling will account for retaining the amorphous phase. It is evident that’
compositional uniformity, as would be realized from massive solidification, was
not achieved under the cooling conditions at play.

On a different scale, Fig. 18 shows the aystenitic grain-growth character-
istics of rapidly solidified and extrusion-consolidated 9Ni-4Co steels, in com-
parison with the same steels conventionally processed(ZI). The RSP material
SXRIbILS Treniarkabl& tesisiance to grain growth, even up to 1200°CT "The indica-
itions are that this inhibited graingrowthis probably caused by an extremely
'fine dispersion of MnS particles resulting from-the rapid solidification step.
Elndecd; one of the noteworthy benefits of RSP may turn out to lie in the dis-
‘tribution control of relatively insoluble microconstituents. There are obvious '
implications here from the standpoint of mechanical properties that may now be
reached in ultrahigh-strength steels.

9. Scientific Challenges

We conclude with a brief list of scientific.challenges in the field of RSP,
which arisc either explicitly or implicitly from the foregoing text:

A. A still-deeper understanding is needed of nucleation, growth, segregation
and phase sequences under conditions of rapld cooling 1nd various degrees of
undercooling.

k]
h

B. New approaches for mapping metastable phase fields are desired.

C. Experimental methods for measuring thermal fields during rapid solidi-

fication have to be developed and applied, in conjunction with more realistic
heat-flow models, -

D. Quantitative characterization of the fine-scale microstructures asso-
ciated with rapid cooling and undercooling is now essential. Special effort
should be given to microcrystalline structures.

E. Using the amorphous state as precursor to forming novel crystalline
btructures requives detailed attention.,
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¥ ¢>Hh‘ undlnvntal\ of powder comp\gtion and subsequent processing nced

partlcular Ludy in the light of RSP and the microstructural changes lnvolved

G. Virtually untouched thusfar is a basic model™ experiment approach to
structure/property relationships in RSP materlals. This part of the overall
RSP program is likely to become a key element in determining just what aspects
of RSP are actually responsible for improved performance and, in turn, just
_!héf;éabiiau:aﬂElﬁéixapid_snlidification.and—subsequen;.processing—to—gonerate—
the microstructural features which are really important,

All of these challenges are closely inter;elated, and offer a timely example
of materials science_and._ cuglnecring_.at,nurk"

AULE novl(dg“édgg\ 2 -

The authors are indebted to the following agencies for their research sup-
port in the field of rapid solidification processing: at MIT by the Office
of Naval Research under Contract N0D014-76-C-0171, NRO31-795; at United Tech-
nologies by the Defense Advanced Research Projects Agency under Contract
F33615-76-C-5136 and NO0OO14-78-C-0387; and at the National Bureau of Standards
by the Defense Advanced Projects Agency under Contract Order 3751. We
would also like to express our appreciation to Mr. H. C. Brown for preparing
the illustrative material in this paper.

"Certain commercial’ equ;pnent instruments, or materials are identified in
this paper in order to adcquately specify the experimental procedure. In no
case does such identification imply recommendation or endorsement by the
National Bureau of Standards, nor does it imply that the material or equipment
identified is necessarily the best available for the purpose.

TABLE I

COOLING RATE LIMITATIONS IN RSP

3 MAX. COCLING
HEAT TRANSFER | USEFUL LOWER AVFSAT‘\E’*J\(J Lbl%%%) -
COEF FICIENT SIZE LIMIT
Al Fe Ni
ATOMIZATION ~105Wim? o K ~10um ~1.5x107K/s :
MELT SPINNING ~105 o5 106 |
SELF TENDS 70 8
QUENCHING INFINITY o ~10
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